Chlorophyll synthesis and degradation were analyzed in the cyanobacterium Synechocystis sp. PCC 6803 by incubating cells in the presence of 13 C-labeled glucose or 15 N-containing salts. Upon mass spectral analysis of chlorophyll isolated from cells grown in the presence of 13 C-glucose for different time periods, four chlorophyll pools were detected that differed markedly in the amount of 13 C incorporated into the porphyrin (Por) and phytol (Phy) moieties of the molecule. These four pools represent (i) Phy was three-fold faster in a photosystem I-less strain than in a photosystem IIless strain and was accelerated in wild-type cells upon exposure to strong light. These data suggest that most chlorophyll appears to be deesterified in Synechocystis upon dissociation and repair of damaged photosystem II. A substantial part of chlorophyllide and phytol released upon the de-esterification of chlorophyll can be recycled for the biosynthesis of new chlorophyll molecules contributing to the formation of 13 Por 12 Phy and 12 Por 13 Phy chlorophyll pools. The phytol kinase, Slr1652, plays a significant but not absolutely critical role in this recycling process.
Introduction
Chlorophyll a is the prevailing form of chlorophyll in plants and green algae and the sole form of chlorophyll in many cyanobacteria. As most other chlorophylls, chlorophyll a consists of two moieties, the porphyrin macrocycle chlorophyllide a and a branched-carbon phytyl tail. The chlorophyllide and phytyl moieties are formed by the tetrapyrrole and isoprenoid biosynthesis pathways, respectively ( Fig. 1 ; for reviews on chlorophyll and isoprenoid biosynthesis see Ref. [1] [2] [3] ). Eight 5-aminolevulinate molecules are required to make chlorophyllide, a cyclic tetrapyrrole with four pyrrole nitrogen atoms coordinating a central Mg 2+ ion. In the biosynthesis of phytol, condensation of isopentenyl and dimethylallyl units form geranylgeranyl diphosphate, which can be converted to phytyl∼PP by a NADPH-dependent enzyme (ChlP) that sequentially reduces three double bonds of geranylgeranyl. Chlorophyll synthase (ChlG) catalyzes the last step of chlorophyll biosynthesis by esterifying chlorophyllide with phytyl∼PP or with geranylgeranyl∼PP [4] . In the latter case, ChlP reduces three double bonds of the geranylgeranyl moiety of chlorophyll and converts it to phytylated chlorophyll [5] , the dominant form of chlorophyll in photosynthetic species. Phytyl∼PP also serves as a precursor for the synthesis of phylloquinone (vitamin K1) and tocopherols (including vitamin E), in which phytol constitutes the lipophilic tail moiety, as in chlorophyll. Degradation of chlorophyll catalyzed by chlorophyllase starts by hydrolytic cleavage of the ester bond yielding chlorophyllide and free phytol. Chlorophyllide can be further degraded through the removal of Mg followed by oxidative opening of the tetrapyrrole macrocycle (reviewed in [1] ). In plants, massive chlorophyll breakdown initiated by chlorophyllase occurs during leaf senescence and fruit ripening. Interestingly, active chlorophyllases have been found in vegetative plant tissues of all ages [6, 7] , indicating that chlorophyll hydrolysis is not necessarily accompanied by a net decrease in chlorophyll content.
The fate of phytol released upon chlorophyll degradation is unclear. Some bacteria are known to catabolize phytol via α-and β-oxidation pathways [8] . There are several reports of phytol that is esterified to fatty acids in leaves of higher plants [9, 10] , mosses [11] , and dinoflagellates [12] . Also, it has been suggested that phytol can reenter central metabolism serving as a precursor for tocopherol and phylloquinone synthesis ( [10, 13] and references therein).
We have studied chlorophyll stability in Synechocystis sp. PCC 6803 by incubating cells in the presence of 15 N-labeled salts [14] . Using this 15 N-chlorophyll labeling approach, under normal growth conditions the overall degradation of the porphyrin macrocycle moiety of chlorophyll in Synechocystis was found to be very slow (half-time of many days). In the present paper, 13 C labeling was used to analyze separately the turnover of both the chlorophyllide a and phytyl moieties of the chlorophyll a molecule. We demonstrate that in actively growing Synechocystis cells chlorophyll dephytylation occurs faster than the irreversible degradation of the chlorophyll macrocycle. Substantial amounts of chlorophyllide and phytol formed upon chlorophyll dephytylation are reused to make new chlorophyll molecules, indicating that a chlorophyll deesterification/chlorophyllide re-esterification cycle operates continuously in cyanobacterial cells.
Materials and methods

Strains and growth conditions
A photosystem (PS) II-less strain of Synechocystis sp. PCC 6803 was constructed by sequentially transforming wild type cells with genomic DNA isolated from mutants with truncated psbB [15] and deleted psbDIC genes. The deletion of psbDIC was originally introduced in Synechocystis sp. PCC 6803 by replacing a 2818-bp XmnI/SfiI fragment, which covered the entire psbDIC coding region together with 212 bp upstream of psbDI and 172 bp downstream of psbC, with a 1.7 kb erythromycin resistance cassette (S. Ermakova-Gerdes and W. Vermaas, unpublished). The PS I-less strain of Synechocystis was described in [16] . A Synechocystis mutant lacking slr1652 (Δslr1652) was obtained by transforming the wild-type strain with the pMON78621 plasmid [13] provided by Monsanto Company (USA). Complete segregation of the resulting transformants at the slr1652, psbB, and psbDIC loci was confirmed by PCR. Liquid cultures of Synechocystis were routinely grown while shaking at a light intensity of 4 (PS I-less cells) or 40 (other strains) μmol photons m
, at 30°C, in BG-11 medium [17] supplemented with 5 mM glucose (PS I-less and PS II-less strains) and 10 mM N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES)-NaOH buffer (pH = 8.0). Cell growth was monitored by measuring the optical density of the cultures at 730 nm (OD 730 ) in a 1 cm cuvette using a Shimadzu UV-160 spectrophotometer. C labeling, Synechocystis cells were grown in the presence of 1 mM glucose to an OD 730 of about 0.5 (20 μM atrazine was added to the wild type and Δslr1652 cultures to block photosynthetic CO 2 fixation), concentrated by centrifugation, and finally resuspended to an OD 730 of about 0.15 in freshly autoclaved BG-11 medium containing 10 mM TES-NaOH buffer (pH = 8.0) but no NaHCO 3 . The medium was supplemented with a mixture of 1 mM 13 C-glucose and 2.4 mM NaH 13 CO 3 . 20 μM atrazine was also added to the wild-type and Δslr1652 cells. Every 24 h, the cultures were supplemented with additional portions of 13 C-glucose and NaH 13 CO 3 (1 mM and 2.4 mM, respectively). 15 N-labeling experiments were performed essentially as described earlier [14] . In brief, cell cultures grown to OD 730 of 0.9 in BG-11 medium containing regular NaNO 3 as nitrogen source were diluted with fresh BG-11 medium without NaNO 3 , to a final OD 730 
Isotope labeling
Pigment extraction and purification
To determine the incorporation of 13 C into chlorophyll, 15 to 60 mL portions of Synechocystis cell culture labeled with 13 C were harvested by centrifugation, and chlorophyll was extracted from the pellet with 0.5 mL of methanol and immediately subjected to HPLC separation as described earlier [14] . Fractions containing chlorophyll were collected, dried under vacuum, and stored at −80°C until further use. In order to perform quantitative mass-spectrometry analysis of 13 C-labeled pigments, HPLC-purified chlorophyll was converted to pheophytin by dissolving the pigment in 0.4 mL of methanol/water mixture (9:1 v/v) containing 20 μL of 0.1% HCl. After a 10-to 20-min incubation, pigments were subjected to a second round of HPLC. As the R t of pheophytin is significantly longer as compared to that of chlorophyll (21.3 and 17.6 min, respectively), this procedure allowed obtaining pigment free of contaminants that co-elute with chlorophyll.
To measure the incorporation of 15 N into chlorophyll and chlorophyllide, 300 mL portions of PS I-less cell culture were harvested by centrifugation, the pigments were extracted from the pellet with 2.5 mL of methanol, and the extract was adjusted to 10 mL with a mixture of acetone:water:0.1 N NH 4 OH (56:11:8 v/v/v). Chlorophyll was extracted from the solvent mixture first with 10 mL of n-hexane and then with 3 mL of n-hexane. The hexane fractions containing chlorophyll and the remaining hexane-extracted acetone fraction containing chlorophyllide were dried under vacuum and the dried pigments were subsequently subjected to the HPLC purification.
Mass spectroscopy
Positive ion mass spectra of pheophytin were obtained by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry using a Voyager DE STR Biospectrometry Work Station (Foster City, CA) as described earlier [14] . Terthiophene (Aldrich) was used as a matrix and 200-500 single-shot spectra taken from each sample were averaged to reduce variability in the mass peak amplitudes. By comparing several averaged mass spectra taken from the same sample, it was verified that the error in measuring relative amounts of different pheophytin pools introduced by the mass-spectral measurements was less than 1.5%.
The same Voyager spectrometer operating in post-source decay mode (MALDI-PSD) was used to detect fragmentation products corresponding to different mass peaks of 13 C-labeled pheophytin. In this mode, the width of the selection window for the pheophytin (precursor) ions was about 8 m/z units and the laser intensity was adjusted for each segment of the pheophytin mass spectrum to maximize the number of structurally significant fragments.
Simulation of pheophytin mass spectra
Mass spectra of compounds uniformly labeled with 13 C were simulated using IsoPro3 software (http://members.aol.com/msmssoft/). 13 C abundances using IsoPro3. Indices j (j = 1, 2, … , M), l (l = 1, 2, … , K), and i (i = 1, 2, … , M+K−1) indicate mass peak numbers for pheophorbide (lacking OH group), phytol (lacking a hydrogen atom), and pheophytin, respectively, where j = 1, l = 1, and i = 1 correspond to the base peaks of the three compounds characterized by m/z of 576. 27 N-labeled chlorophyll and chlorophyllide were measured and analyzed as described in [14] . Fig. 2A shows a typical mass spectrum of pheophytin a derived from chlorophyll a that was extracted from Synechocystis cells grown in regular BG-11 medium. The m/z value of the major peak (870.57) equals the molecular mass of monoisotopic pheophytin, whereas the distribution of peak intensities agrees well with the calculated isotopic pattern of unlabeled pheophytin, in which the isotopes of C, N, H, and O are present in natural abundance. Upon cultivation of wild type, PS II-less and PS I-less Synechocystis strains in medium 
Results
Experimental mass spectra of pheophytinized chlorophyll
▪
) moieties. In these simulations, unlabeled porphyrin (pheophorbide) and phytyl were assumed to contain 1.1% 13 C, labeled porphyrin (pheophorbide) to contain 92.1% 13 C, and labeled phytyl to contain 98.4% 13 C.
containing 13 C-glucose and H 13 CO 3 − , a number of new peaks corresponding to different 13 C-isotopic versions of pheophytin became apparent in the mass spectra ( Fig. 2B-D) . These new peaks can be divided into three major groups, which we attribute to pheophytin molecules that differ markedly in the 13 C content of their porphyrin macrocycle and phytol tail moieties. The most prominent group of peaks with m/z ranging from 910 to 927 originated apparently from pheophytin, in which both phytyl and porphyrin moieties incorporated significant amounts of 13 C ( 13 Por 13 Phy). The spread in mass is due to the presence of some 12 C (see below). Another group of peaks with a m/z spread between 887 and 896 and particularly prevalent in the extract from the PS I-less strain is likely to correspond to pigment molecules containing an unlabeled porphyrin ring and a 13 C-enriched phytyl tail ( 12 Por 13 Phy). Considering that the phytyl residue contains 20 carbon atoms, this interpretation is consistent with the fact that the most intensive peak in the 12 Por 13 Phy group was ∼ 20 mass units heavier (m/z = 890.63) compared to the base peak of unlabeled pheophytin (m/z = 870.57). Finally, the last cluster of peaks with m/z ranging from 896 to 910 can be attributed to pheophytin molecules with heavily labeled porphyrin but an unlabeled phytyl tail ( 13 Por 12 Phy). To exclude the possibility that the peaks attributed to 12 Por 13 Phy and 13 Por 12 Phy in Fig. 2 resulted from a transesterification reaction after pigment extraction, we isolated chlorophyll from a mixture of two cultures of Synechocystis cells, one grown for a long time in media containing 13 C labeled glucose (all chlorophyll in this culture contained >95% 13 C) and the other one grown in the presence of unlabeled glucose. The mass spectrum of pheophytin obtained from the combined culture contained only two groups of peaks attributable to 12 Por 12 Phy (m/z = 870) and 13 Our interpretation of the mass peak distributions shown in Fig. 2B -D was verified by MALDI-PSD analysis different mass peaks generated by 13 C-labeled pheophytin. In the MALDI-PSD spectra of m/z centered at 871 and at 891, the intensity of fragment ions at m/z of 592.4 corresponding to unlabeled pheophorbide ( 12 Por) was highest (Fig. 4B, C) . In the MALDI-PSD spectra of m/z 901 and 921 peaks (Fig. 4D, F) , the most abundant fragment ions had m/z values of about 622.5, as expected for pheophorbide ions significantly enriched in 13 C ( 13 Por). Pheophytins with m/z of about 910 that can be attributed to molecules that are less enriched in 13 C indeed produced pheophorbide fragments that were somewhat lighter than pheophytins with m/z of 901 or 921 (619.5 versus 622.5; Fig. 4E ), confirming our assignment. Another cluster of peaks centering around m/z of 606.5-607.5 best distinguishable in Fig. 4D can be attributed to pheophorbide ions that lost their methyl group due to high laser power used to ionize and fragment the relatively low-abundance group of 13 Por 12 Phy pigments. Together these MALDI-PSD data are fully supportive of our assignments regarding the nature of pheophytin peaks detected by MALDI-TOF. 13 C (equivalent to the natural 13 C abundance in the environment). For 12 Por 13 Phy, the best match between the experimental results and theoretical calculations was obtained assuming that the labeled 13 Phy contained 98.4% of 13 C, which is only slightly less than the 13 C abundance in the labeled glucose and H 13 CO 3 − . In order to obtain a good agreement between the theoretical and experimental data for 13 Por 12 Phy and 13 Por 13 Phy, we had to assume that 13 C enrichment in 13 Por was only 92.1%, which is substantially less than the abundance of the heavy carbon in the labeled glucose, the major source of carbon for growth of PS I-less and PS II-less Synechocystis mutants. Even with this assumption the intensities of peaks having m/z ratios between 911 and 922 were underestimated, suggesting that a population of 13 Por had even less than 92.1% of 13 C (see also Fig. 4E ). The most likely reason for this discrepancy is that cells growing on 13 C glucose still contain some unlabeled or partially labeled glutamate, which is incorporated into the macrocycle upon synthesis of porphyrins. The unlabeled glutamate is likely to have originated from hydrolytic degradation of proteins, synthesized before 13 C had been added to the growth medium.
Modeling mass spectral distributions of 13 C-labeled chlorophyll
Kinetics of 13 C incorporation into chlorophyll
Now that the formation of 12 Por 13 Phy and 13 Por 12 Phy chlorophyll in vivo has been established, the potential mechanisms Both cultures containing roughly equal amounts of chlorophyll were pooled together, chlorophyll was immediately extracted from the cell mixture and then purified for mass-spectrometry analysis using the standard procedure.
for formation of these isotopomers need to be investigated. (Fig. 5A ) and in the PS IIless mutant (Fig. 5B ) and somewhat faster in the PS I-less cells (Fig. 5C ). In all strains 13 intensity at 250 μmol photons m − 2 s − 1 , in line with more rapid turnover of the photosystems. Synthesis of 13 Direct utilization of chlorophyllide does not present a problem as chlorophyllide can be esterified with phytyl∼PP to form chlorophyll (Fig. 1) . However, if chlorophyll synthase requires phytyl∼PP as substrate [18] , the question is how this is formed from phytol generated by chlorophyll degradation. The only enzyme known to be involved in phytol phosphorylation is phytol kinase (Slr1652). For this reason, the dynamics of the four chlorophyll pools in the Δslr1652 mutant of Synechocystis that lacks the phytol kinase [13] have been measured (Fig. 6B) the wild type and the Δslr1652 mutant, respectively (Fig. 6 ). In contrast, the level of 13 Por 12 Phy was 1.5-2.0 times lower in the Δslr1652 strain than in the wild type and comprised 6.8 ± 1.6 and 11.3 ± 2.4% after 23 h, respectively, which is consistent with the involvement of slr1652 in phytol re-utilization [13] . However, the presence of 13 Por 12 Phy in the Δslr1652 mutant was still significant, indicating that formation of this pool of molecules does not necessitate the presence of the phytol kinase encoded by slr1652.
Kinetics of chlorophyll and chlorophyllide labeling with 15 N
Now that chlorophyllide appears to be reutilized, one expects the isotope composition of the chlorophyllide pool to a large extent to reflect that of chlorophyll, and not be as heavily labeled as when chlorophyllide would be primarily an intermediate in de novo chlorophyll biosynthesis (Fig. 1) . To determine whether this expectation was borne out by experiments the chlorophyll and chlorophyllide isotopic distributions were compared in a Synechocystis strain that lacks PS I and that accumulates clearly measurable amount of chlorophyllide [19] ( Table 1 ). Considering that the doubling time of the PS I-less cells was about 23 h, the observed decrease in the relative amount of unlabeled chlorophyll during the 25-h experiment was mostly due to the synthesis of new chlorophyll molecules incorporating 15 N. 15 N labeling of chlorophyllide occurred somewhat faster than that of chlorophyll, which is consistent with the fact that chlorophylide serves as a biosynthesis precursor of chlorophyll. However, considering that more than 30% of chlorophyllide remained unlabeled after the 25-h labeling period and that the concentration of chlorophyllide on a molar basis comprised only about 0.5% of chlorophyll content in PS I-less cells, a substantial portion of the chlorophyllide pool presumably was formed by de-phytylation of chlorophyll, nearly 50% of which remained unlabeled by the end of the experiment.
Discussion
In this paper we analyzed chlorophyll synthesis and degradation in vivo in Synechocystis cells through 13 C and 15 N incorporation into this pigment. Particularly in the PS I-less mutant, in which most chlorophyll is associated with PS II, mass spectral analysis of 13 C-labeled cells showed the existence of four distinct pigment pools, one of which was unlabeled and three were differentially enriched in 13 [20] , these interesterifications may include replacement of the phytyl group of chlorophyll upon interaction of chlorophyll with free phytol (alcoholysis), replacement of the porphyrin group of chlorophyll due to interaction of chlorophyll with free chlorophyllide (acidolysis), or direct interaction between unlabeled and uniformly labeled chlorophylls resulting in phytyl/porphyrin exchange between the two molecules (transesterification; note that the term "transesterification" is frequently used in the literature to indicate specifically the alcoholysis reaction). (iii) Chlorophyll in Synechocystis cells is continuously de-esterified with the formation of free chlorophyllide and phytol, which in turn are re-used for the synthesis of new chlorophyll molecules with the phytol first enzymatically converted into phytyl∼PP.
Based on our HPLC measurements, the concentration of chlorophyllide in the PS I-less mutant was about 0.5% of that of chlorophyll, whereas in the wild type and in PS II-less cells this pigment was not detectable (data not shown but see [19] ). Other tetrapyrrole precursors of chlorophyll are generally not observed in normal Synechocystis cells due to the tight regulation of the tetrapyrrole biosynthesis pathway at the level of aminolevulenic acid synthesis [2] . Therefore, formation of 12 Por 13 Phy cannot be due to a large internal pool of chlorophyllide and its biosynthesis precursors.
Although the concentration of phytyl∼PP in Synechocystis cells is not known, it is unlikely that the observed accumulation of 13 Por 12 Phy in wild-type cells can be explained by the presence of substantial amounts of free unlabeled phytyl∼PP used for chlorophyll synthesis upon the switch from 12 C to 13 C glucose. If this was the case, the amount of 13 Por 12 Phy should be independent of the light intensity. However, the rate of 13 Por 12 Phy accumulation increased with increasing light intensity: when wild-type cells were subjected to strong light of 250 μmol photons m − 2 s − 1 , the level of 13 Por 12 Phy reached 15% of the initial chlorophyll value (Fig. 6A ) after ∼75 h of incubation with labeled glucose. From this rate of accumulation of 13 Por 12 Phy and from the chlorophyll concentration in wild type cells (about 2.8 nmol/(OD 73 0 mL)) the concentration of phytyl∼PP in Synechocystis cells should be at least 0.4 nmol/ (OD 730 mL), if all phytyl in the 13 Por 12 Phy pool originated from unlabeled phytyl∼PP already present in cells at the time 13 Cglucose was added. This calculation does not yet correct for chlorophyll degradation. Nearly 75% of unlabeled chlorophyll was degraded during the 75-h labeling period, and if 13 Por 12 Phy chlorophyll was degraded at about the same rate, this would increase the requirement for the initial concentration of phytyl∼PP by about four-fold, bringing the content of free phytyl∼PP to well above 1 nmol/(OD 730 mL), comparable to the levels of major classes of lipids in Synechocystis cells [21] . This is unrealistically high, as the concentration of free phytol in wild type Synechocystis cells is below 3.5 pmol/(OD 730 mL) [13] . Together with the light dependence of 13 Por 12 Phy accumulation the above reasoning virtually excludes the possibility that accumulation of 13 Por 12 Phy observed upon addition of 13 C to the growth media occurs due to mobilization of the internal pool of the unlabeled phytyl∼PP.
The low phytol [13] and chlorophyllide [19] (Figs. 5A, B; 6A) . By the same token it is unlikely that the differentially labeled chlorophylls accumulated due to the acidolysis of chlorophyll with free chlorophyllide.
It is also unlikely that significant transesterification of chlorophyll takes place in the wild type, PS I-less or PS IIless Synechocystis cells. Indeed, according to the transesterification reaction 13 12 Phy pool was estimated to be about 180 ± 14, 185 ± 8 and 149 ± 10 h in the low-light grown wild type, PS II-less and PS I-less cells, respectively, which is close to the 210 ± 35, 230 ± 20 and 152 ± 16 h half lives obtained in the 15 N labeling experiments [14] . However, the half-lifetime of 12 Por 12 Phy, corresponding to the lifetime of chlorophyll molecules, was significantly shorter, particularly in the PS I-less cells (120 ± 14, 108 ± 3, and 38 ± 4 h in the wild type, PS II-less and PS I-less cells, respectively), indicating that PS II is the main source of chlorophyll that can be de-esterified, even at low light intensity.
Further supportive evidence that intensive de-esterification of chlorophyll takes place in cells comes from the facts that (i) chlorophyllide is detected in the PS I-less strain (Table 1) with a short chlorophyll lifetime and not in the other strains with longer chlorophyll lifetimes [14, 19] and that (ii) a large part of the chlorophyllide pool was unlabeled long after the start of 15 N labeling ( 13 C-glucose in the PS I-less strain (Fig. 5C ) or in the wild type at high light intensity (Fig.  6A) , up to 80% of chlorophyllide appears to be reused in chlorophyll biosynthesis and the remaining 20% is degraded under these conditions.
De-esterification of 12 Por 12 Phy chlorophyll also leads to the release of unlabeled phytol, which potentially can be recycled for the synthesis of new chlorophyll molecules in Synechocystis cells explaining the formation of the 13 Por 12 Phy pigment pool. This interpretation is consistent with earlier in vitro studies of Rüdiger and co-authors [18] , who demonstrated esterification of chlorophyllide a with exogenous phytol in broken etioplasts from oat seedlings. In their experiments, phytol and its monophosphate derivative were incorporated into chlorophyll only in the presence of ATP, whereas phytyl∼PP was incorporated without ATP, suggesting that phytol (di)phosphorylation is necessary for the phytol recycling. Recently, incorporation of 3 H-labeled phytol into chlorophyll in Arabidopsis seedlings and formation of phytyl∼P and phytyl∼PP from phytol in Arabidopsis chloroplasts was reported by Ischebeck et al. [10] , indicating that phytol can be recycled into chlorophyll under in vivo conditions. Moreover, genes encoding phytol kinase, the enzyme that catalyzes conversion of phytol into phytyl∼P, have been identified recently in Arabidopsis and in Synechocystis [13] . Upon deletion of slr1652, the phytol kinase gene in Synechocystis, the phytol level increased by at least 200 times compared to the wild type [13] , indicating significant phytol formation (presumably due to chlorophyll deesterification) and phytol re-utilization in these bacteria. Interestingly, the deletion of slr1652 also caused a more than 50% reduction in the tocopherol content [13] , suggesting that (di)phosphorylated phytol is used for tocopherol synthesis as well. Synechocystis sp. PCC 6803 contains about 85 pmol tocopherol per mL per OD 730 [22] , which is about 30-fold less than the chlorophyll content in wild type. At least some tocopherol is likely to originate from phytol released upon chlorophyll de-esterification.
To determine the importance of phytol kinase (Slr1652) for chlorophyll re-synthesis, we monitored the accumulation of 13 C-labeled chlorophyll in the Δslr1652 Synechocystis mutant exposed to strong light, which stimulated chlorophyll turnover (Fig. 6B) . 13 Por 12 Phy remained present in this mutant although the level was up to 40% reduced compared to the wild type. This suggests either that phytyl (pyro)phosphate formation does not critically depend on Slr1652, or that chlorophyll(ide) can be esterified with phytol in the Δslr1652 strain without synthesis phytyl (pyro)phosphate.
A wealth of information is available in the literature showing that under certain conditions many hydrolytic enzymes such as lipases and esterases are actually able to produce new esters from alcohols and ester acyl donors [23, 24] . If the same holds true for chlorophyllase, then the observed formation of 13 Por 12 Phy in the absence of phytol kinase may be the result of the reverse reaction of chlorophyll degradation catalyzed by chlorophyllase (chlorophyllide + phytol → chlorophyll) or chlorophyllase-catalyzed interesterification (alcoholysis) of chlorophyll ( 13 Por 13 Phy + 12 Phytol → 13 Por 12 Phy + 13 Phytol). Any of these two reactions may be significantly accelerated in the Δslr1652 mutant as this strain accumulates large amounts of phytol in comparison with wild type [13] . Chlorophyllases from higher plants were shown to catalyze the interesterification of methyl pheophorbide a with phytol [25] as well as interesterification of different chlorophylls with substrates as Triton X-100, serine or dihydric alcohols [26, 27] . It needs to be emphasized, however, that the genome of Synechocystis sp. PCC 6803 contains no genes with significant similarity to plant chlorophyllases and; therefore, it may not be possible to extrapolate the results of experiments performed with the higher plant enzyme to cyanobacteria.
In conclusion, the results presented here provide evidence for the existence of a chlorophyll de-esterification/re-esterification cycle in Synechocystis cells with reuse of both phytol and chlorophyllide released upon chlorophyll de-esterification. The physiological relevance of this cycle is as yet unclear. One possibility is that de-esterification of certain chlorophylls is required for proper disassembly or reassembly of particularly PS II pigment-binding complexes, or that conversion to the more easily transportable chlorophyllide aids in reutilization efficiency and limits exposure of the cell to free chlorophyll (ide), which is toxic in aerobic conditions in the light. Alternatively, chlorophyllide may be a regulator of cellular processes, including chlorophyll biosynthesis, possibly with a mechanism similar to the regulatory role ascribed to Mgprotoporphyrin IX in plants ( [28] and ref. therein). Regardless the physiological relevance of chlorophyll de-phytylation, the ability of Synechocystis to reutilize phytol and chlorophyllide clearly is beneficial for cells as de novo chlorophyll synthesis would require a significant amount of resources.
